This paper quantifies how African farmers have adapted their crop and irrigation decisions to their farm's current agro-ecological zone. The results indicate that farmers carefully consider the climate and other conditions of their farm when making these choices. These results are then used to forecast how farmers might change their irrigation and crop choice decisions if climate changes.
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This paper quantifies how African farmers have adapted their crop and irrigation decisions to their farm's current agro-ecological zone. The results indicate that farmers carefully consider the climate and other conditions of their farm when making these choices. These results are then used to forecast how farmers might change their irrigation and crop choice decisions if climate changes. The model predicts African farmers would adopt irrigation more often under a very hot and dry climate scenario but less often with a mild and wet scenario. However, farms in the deserts, lowland humid forest, or mid elevation humid forest would reduce irrigation even in the very hot and dry climate scenario. Area under This paper-a product of the Sustainable Rural and Urban Development Team, Development Research Group-is part of a larger effort in the department to mainstream research on climate change. Policy Research Working Papers are also posted on the Web at http://econ.worldbank.org. The authors may be contacted at Niggol.seo@yale.edu, Robert.mendelsohn@ yale.edu, Adinar@worldbank.org, Rashid.hassan@up.ac.za, and Pradeep.kurukulasuriya@undp.org. fruits and vegetables would increase Africa-wide with the very hot and dry climate scenario, except in the lowland semi-arid agro-ecological zone. Millet would increase overall under the mild and wet scenario, but decline substantially in the lowland dry savannah and lowland semi-arid agro-ecological zones. Maize would be chosen less often across all the agro-ecological zones under both climate scenarios. Wheat would decrease across Africa. The authors recommend that care must be taken to match adaptations to local conditions because the optimal adaptation would depend on the agro-ecological zone and the climate scenario.
Introduction
Awareness of global warming has increased rapidly among scientists, policy makers, and the general public over the past decade (Nordhaus 1992 , 2007 , IPCC 1996 , 2007 . There is an increasing consensus that greenhouse gases should be curbed by international cooperation.
However, the very high cost of completely eliminating greenhouse gas emissions suggests that mitigation policy should only slow climate change, not completely halt it at least in the near term (Nordhaus 1992 (Nordhaus , 2007 . Consequently, even with an efficient international mitigation policy, global warming is likely to continue for several decades if not the rest of the century.
Communities around the world should consequently be prepared to adapt to climate change. This is especially urgent for farmers who so clearly depend on the climate for their livelihood.
Adaptation is especially urgent for low latitude developing country farmers who are expected to bear the brunt of climate change impacts . Agriculture in developing countries is one of the most vulnerable sectors of the global economy to climate change (Rosenzweig and Parry 1994, Kurukulasuriya et al 2006; Seo and Mendelsohn 2008c ). Farmers will be especially hard hit if they do not adjust at all to new climates (Mendelsohn et al. 1994, Rosenzweig and Hillel 1998; Reilly et al. 1996) .
Recent empirical studies indicate that farmers have already adapted to the existing climates that they face by choosing crops or livestock or irrigation Mendelsohn 2007, 2008 ; Nhemachena and Hassan 2007; Mendelsohn 2008a, 2008b ) ideal for their current climate. Farmers currently choose their crops or livestock or some mix of them to match their climate. It therefore follows that farmers are likely to select new crops and livestock as climate changes, at least in the long run. By studying adaptation, researchers can help farmers and policy makers identify efficient adaptations, adaptations that will maximize future income in new climate conditions. Existing adaptation studies suggest that farmers should take different adaptation measures depending on their initial climate conditions. For example, a farmer in a wet location would choose vegetables more often than a farmer in a dry location would do. Farmers may also choose not to irrigate given that sufficient rainfall is available to support cultivation. However, these studies focused on the possibility of farmers to adapt to climate change but did not provide differential adaptation strategies specific to a certain zone. This information is crucial to the farmers and policy makers who are interested in making adjustments in anticipation of future climate changes because continental scale adaptation measures would be misleading due to a wide variety of agro-economic conditions across the continent. The purpose of this paper is to provide differential adaptation measures suitable for each location across the landscape. We make use of the Food and Agriculture Organization's (FAO) typology of Agro-Ecological Zones (AEZs) of Africa. Specifically, we focus on the choice of crops and irrigation in African cropland by 16 AEZs. The results of this analysis are then extrapolated from the sample of farms explored in this study to all of Africa using the AEZ classification of farms.
We begin by analyzing the choice of crops and irrigation as a function of climate and other control variables using a sample of over 9000 farmers from 11 countries in Africa who grow crops. We then use the FAO classification of African cropland into 16 AEZs to examine AEZ specific adaptation strategies. We use these zone specific adaptation strategies to see how adaptations would be applied across Africa.
The next section develops a simple theoretical model of crop and irrigation choice. We use a logit to explain irrigation choice and a multinomial logit to examine crop choice. In the following section, we describe the data used in this paper which is based on GEF/World Bank project in Africa and the FAO classification of Agro-Ecological Zones. In the rest of the paper, we present empirical results and simulation results of the impacts of climate change on these decisions based on two climate models. We conclude the paper with a summary of key results and a discussion of relevant policy insights.
Economic Theory
Farmers are observed to make many management decisions on their farms. We assume that they make these choices to maximize profit. Through generations of learning by doing, most farmers know what choices work best on their farms. With changing conditions, of course, farmers must determine how to adapt, how to change these choices. Farmers are commonly observed adjusting to changes in government policy, market prices, availability of new varieties, and changes in access as these changes occur. This paper does not address the short term problems farmers face keeping up with rapidly changing conditions. Rather, we focus on long-term adaptations that farmers make after they have had time to learn about the new conditions and adjust to them.
In this paper, we focus on two important decisions by crop farmers: whether to irrigate or not, and which crops to grow. Let the profit associated with irrigation in a specific AEZ (w) be written in the following form: W. 1,..., w 1, or 0 j where
where Z is a vector of exogenous characteristics of the farm and characteristics of the farmer.
The subscript j=1 refers to irrigated farms and j=0 to rainfed farms. The subscript w refers to the AEZs. The farmer will choose to have irrigation if:
Assuming that the cumulative distribution of the error term is a logistic function, the choice of whether or not to establish irrigation system can be estimated with a standard logit model.
Modeling the choice of crops is slightly more involved technically since the choice set includes more than two alternatives. Additionally, some farmers can choose a combination of different crops whereas other farmers select only one crop. To include all combinations of crops as a discrete choice is not feasible since African farmers report more than 50 individual crops. In this study, we examine all the combination of crops that appear in significantly large numbers of farms in the sample Mendelsohn 2008a, Kurukulasuriya and . The majority of farms have a single crop or a combination of two crops in our sample.
Let the profit from raising a specific crop or a combination of crops for a farm in AEZ w be written in the following form: W. 1,..., w and J 1,..., j N, 1,..., n where
where Z is a vector of all the independent variables that are appropriate for the explanation of farm profits. For example, Z could include climate, soils, water availability, access variables, electricity provision, household size, education of the farmer, and crop prices. The subscript n refers to the n-th farm in the sample, j refers to a crop or a combination of crops, and w refers to Agro-Ecological Zones at which the farm is located. Note that the farmer chooses crop j, but he does not choose AEZ w. The profit function in equation 3 is composed of two components: the observable component V and an error term ε. The error term is not known to the researcher but may be known to the farmers. The error term is known up to its cumulative distribution.
The decision of a farmer who is located in AEZ w is to choose one crop from the many alternative crops that is most profitable to him given the external conditions, which can be written succinctly as follows:
Suppressing subscript n and w for convenience of the discussion for the moment, the farmer will choose crop j over all other crops if:
The probability j P for crop j to be chosen is then
The probability for the n-th farm is calculated by integrating the appropriate indicator function as follows:
where I is the indicator function and f is the probability density function of the error term. If the density f follows an identical and independent Type I Extreme Value distribution and the profit can be written linearly in the parameters, then the probability can be calculated by successive integration of the above density function as
which gives the probability of crop j to be chosen among J crops (McFadden 1981) . For each AEZ w, the marginal effect of climate change on the probability can be obtained by differentiating Equation (8) 
The coefficients of the choice model γ and α are not dependent on the AEZ. However, the marginal impact of climate on the probability of selecting a crop depends on the climate conditions in each AEZ and so will vary by AEZ.
Description of Data
A typology of AEZs was developed by the FAO as a mechanism to classify the growing potential of land using the length of the growing season (FAO 1978) . The growing season is defined as the period where precipitation and stored soil moisture is greater than half of the evapotranspiration. The longer the growing season, the more crops can be planted (or in multiple seasons) and the higher are the yields (Fischer and van Velthuizen 1996; Vortman et al. 1999) . Figure 1 maps AEZs across Africa. AEZs are classified by climate, soils, and altitude. They are divided into five zones depending upon the length of the growing period: semi-arid, dry savannah, moist savannah, sub-humid, and humid forest. Each of these five zones is again divided into three zones depending upon elevation: lowland, mid-elevation, and high elevation.
The remaining AEZ is desert. The Sahara desert occupies a vast amount of area in the north.
There is also a desert in the south-western edge of the continent. South of the Sahara desert is semi-arid zones followed by dryland savannah, moist savannah, and humid forest. In central Africa around Cameroon, it is mostly humid forest in high elevation with high rainfall. This high-elevation humid forest turns into mid-elevation and then into dry savannah as it stretches east toward Kenya. South of the humid forest is moist savannah followed by dry savannah. The AEZs of South Africa are mostly moist savannah in the east, dry savannah in the center, and desert in the west.
The economic data for this study were collected by national teams as part of the GEF/World Bank project on climate change in Africa (Dinar et al 2008) . The survey asked detailed questions on crops and livestock operations during the agricultural period of July 2002 to June 2003. The data were collected for each plot within a household and household level data were constructed from plot level data. In each country, districts were chosen to get a wide representation of farms across climate conditions in that country. In each chosen district, a survey was conducted of randomly selected farms. The sampling was clustered in villages to reduce sampling cost. A total of 9,597 surveys were administered across the 11 countries in the study.
Data on climate were gathered from two sources . We relied on temperature data from satellites operated by the Department of Defense of the United States (Basist et al. 2001 
Empirical Results
Tables 1, 2, and 3 summarize the data on irrigation and crop choice in Africa. About 25% of the farms in our sample irrigated their land. The irrigation clearly depends on where the farm is located. Farms in dry places such as dry savannah, semi-arid, and deserts are highly likely to irrigate their land whereas farms in sub-humid and humid forest, especially in the lowland, do not. Table 2 summarizes eight crops or combinations of crops that are chosen most often by African farmers. For Africa as a whole, maize (32%), millet (5%), wheat (7%), and fruits and vegetables (10%) are chosen widely as a single crop to manage. Most farms choose a mix of some crops: fruit/vegetables and maize (17%), maize and ground nuts (14%), millet and ground nuts (11%), millet and sorghum (6%). The crop shares reflect the percent of farms that select this particular crop or crop combination.
The distribution of crops chosen differs widely across different AEZs, which is shown in Table 3 .
Maize is chosen very frequently in mid elevation dry or moist savannah, but by fewer farms in the deserts, high elevation dry savannah, or high elevation semi-arid farms choose maize. Fruits and vegetables with maize or without maize are chosen very often by the farms in the humid forests regardless of the elevation of the farms. Wheat is the choice for many farms in high elevation or dry places including deserts. Millet is the choice of crop when the farm is located in dry places such as high elevation dry savannah, lowland dry savannah, or mid elevation semiarid AEZs. Ground nut and maize combination is chosen most often in mid elevation moist savannah. Ground nut and millet combination is chosen most often in lowland dry savannah. Tables 1, 2 , and 3 clearly suggest that both irrigation and crop choice vary with AEZs 7 . To test whether there is a statistical relationship between these choices and climate, we run in Table 4 a binary choice model of whether to choose irrigation or not over climate variables and controls.
Control variables in Table 3 To understand what might happen to irrigation adoption when the current climate is disturbed, we calculate marginal effects of climate change on the probability to choose irrigation at the mean climate of the corresponding AEZs in Table 5 . As temperature increases, farmers tend to irrigate more frequently. Irrigation is clearly an adaptation strategy to warming. When precipitation increases, they tend to irrigate less often and resort to natural rainfall more often.
However, these regional results do not apply to all AEZs. Farms in the deserts reduce irrigation when temperature increases. Similarly, when precipitation increases, farms close to the deserts increase irrigation.
The second analysis of cropland farm adaptations is crop switching. Table 6 shows seven sets of regressions, setting wheat as base case, from multinomial logit model of crop choice. The choice set includes fruits and vegetables, maize, millet, and wheat as a single crop, and a combination of fruits/vegetables and maize, a combination of maize and ground nuts, a combination of millet and ground nuts, and a combination of millet and sorghum. The choice of one crop from the eight available crops was run against climate variables, soils, water availability, household characteristics, and crop prices. Soils are significant factors to the decision of crops to plant.
When soil is Nitosols, farmers tend to choose the seven crops more often in contrast to wheat.
When soil is Gleysols, it reduces the chance of millet being chosen. Large farms tend to avoid millet. Farms in high elevation tend to choose millet for a single crop or in combination with sorghum or ground nuts. Family size does not matter in the choice of crops. Farms with electricity tend to choose fruits and vegetables or millet less often. The amount of water flowing in the district affects the crop choice significantly. When summer flow is high, it reduces the choice of the seven crops while when fall flow is high it increases the choice of these crops in contrast to wheat. Crop choices depend on crop prices of maize, millet, and wheat. The prices of ground nuts or sorghum are not significant. When maize or millet price is higher, farmers tend to reduce the planting of these seven crops while when wheat price is higher, they increase the planting of these crops 9 .
The regressions confirm that the choices of all the crops are sensitive to climate. In contrast to irrigation choice, most of the seasonal climate parameters are significant. All four seasons are relevant in modeling crop choice in part because it involves many alternatives in the choice set than the binary choice of irrigation. Most of the quadratic terms are also significant indicating second order relationship of the choice of each crop to the corresponding climate variables.
However, due to its complex specification in Table 6 , it is difficult to interpret these results in terms of climate vulnerability. In Table 7 , we calculate marginal effects of an annual increase in temperature and an annual increase in precipitation evaluated at the mean climate for the sample of farms that choose each crop combination. If temperature increases slightly, farmers tend to 9 The current model is only concerned with supply side. But it is likely that demand conditions such as preference changes affect the future crop choice.
move away from wheat, maize, millet-ground nuts, or millet-sorghum. Instead, they choose fruits-vegetables, fruits-vegetables-maize, millet, or ground nuts-maize. If precipitation increases, farmers move away from groundnut-millet and maize towards fruits-vegetables-maize, maizegroundnut, and millet.
These behavioral changes at the African level, however, do not hold for all Agro-Ecological Zones. Although the choice of fruits-vegetables is expected to increase when rainfall increases, it is reduced in dry zones such as deserts, lowland dry savannah, and lowland semi-arid zone.
Similarly, millet will decrease even though temperature increases if the farm is located in lowland moist savannah or lowland sub-humid AEZs. Maize will decrease with higher temperature, but the exceptions are deserts and high elevation dry savannah.
Forecasting Climate Change Impacts on Irrigation and Crop Choices
As climate change unfolds over the coming century, farmers are likely to adapt to it by switching crops or irrigating their land. In this section, we use the results from the previous section to predict how farmers might adapt in the future. We explore how adaptations might be different depending on the climate scenario. We also explore how they might be different depending on the AEZ of each farm. In practice, future farm practices will also depend on economic development, technological changes, and price changes. We do not examine these other important influences but rather focus simply on the role of climate change. We are predicting how climate influences farm choice, not each farmer's actual future choices. We assume all other factors remain unchanged and examine the effects of climate change alone.
We examine a set of climate change scenarios that are consistent with the range of likely outcomes predicted in the most recent Intergovernmental Panel on Climate Change report (IPCC 2007) . Specifically, we use the A1 scenarios from the following two models: CCC (Canadian Climate Centre) (Boer et al. 2000) and PCM (Parallel Climate Model) (Washington et al. 2000) . Table 8 presents the mean temperature and rainfall predicted by the two models for the years 2020 and 2100. In Africa in 2100, PCM predicts a 2°C increase and CCC a 6°C increase in temperature. Rainfall predictions vary. PCM predicts a 10% increase in rainfall in Africa and CCC a 10% decrease by 2100. Even though the mean rainfall in Africa is predicted to increase/decrease depending on the scenario, there is also substantial variation in rainfall across countries. Examining the path of climate change over time reveals that temperatures are predicted to increase over time for all two models. Precipitation predictions, however, vary across time for Africa: CCC predicts declining precipitation whereas PCM predicts a slight increase. However, it should be noted that predicted changes vary slightly for individual countries and regions.
Analysis for Africa
We first present the predicted changes in the probabilities to choose irrigation for Africa as a whole in Table 9 . In 2020, under the relatively hot CCC scenarios, more farmers are expected to irrigate their land. On the other hand, if precipitation increases as in PCM, farmers tend to irrigate less often and rely on natural rainfall. By 2100, farmers increase irrigation by 15% under the CCC scenario, but reduce it by 2% under the PCM scenario. choose fruits/-maize, millet, or millet-sorghum more often while they choose the other crops less often. The results from PCM are quite different. They increase fruits/ vegetables, millet, or millet-sorghum while they reduce the other crops. By the end of this century, as shown in Table   10b , farmers increase fruits/vegetables with maize or without maize substantially as well as millet and sorghum. On the other hand they reduce maize substantially under CCC. Under PCM, they choose fruits/vegetables or millet at the sacrifice of maize.
Analysis by Agro-Ecological Zones
Which crops to grow or whether to irrigate is certainly dependent on the current AEZ of the farm.
Farmers cannot simply follow the advice which is deemed appropriate for Africa as a whole.
They must determine what is the most appropriate response to climate change in their AEZ.
As we can see in Table 9 , African farmers are better off by adopting more irrigation under the CCC 2020 scenario. However, farms in the deserts, lowland humid forest, or mid elevation humid forest are better off by reducing irrigation in the same scenario. Under PCM 2100, farmers tend to irrigate less often due to higher precipitation, but the farms in the deserts are still better off by irrigating more often.
In Figure 2 , we extrapolate our results to all of Africa using AEZ information. The figure maps changes in the probability to irrigate the land. Under the CCC scenario (Left), farmers will increase irrigation substantially due to higher temperature expected in this scenario. The expected increase is lower in the deserts while it is higher in West Africa, Central Africa, North of the Sahara desert, and East Africa. Under the PCM scenario (Right), on the other hand, farmers reduce irrigation overall except for the desert areas. The reduction is largest in the lowland and wet zones.
Crop choice would also vary widely across the AEZs. Table 10a By 2100, as shown in Table 10b , these differential responses continue to magnify. Fruits and vegetables increase Africa wide under the CCC scenario, but they are expected to decline substantially in the lowland semi-arid AEZ. Under the PCM scenario, millet increases overall, but it declines substantially in the lowland dry savannah and lowland semi-arid AEZs. Not all the crops exhibit differential responses across the AEZs. For example, maize is chosen less often across all AEZs under both climate scenarios.
In Figures 3 and 4 , we extrapolate the results for two crops, maize and fruits/vegetables, to all of Africa using the AEZ information. Maize will be reduced across all of Africa due to higher temperature, but farms in the lowland wet zones are hit the hardest under CCC. Under PCM, however, farms in the high elevation are the most affected. In the case of fruits and vegetables, the variation across the AEZs is much larger. Under CCC, it will increase substantially in high elevations, lowland savannahs, and in Southern Africa. Farms in the deserts or lowland wet zones will lose this type of crop. The probability distribution under PCM will be similar to that under CCC with some areas seeing larger increases while other areas seeing larger losses.
Conclusion and Policy Implications
This paper quantifies differential farm adaptations taken by cropland farmers in Africa in 16
Agro-Ecological Zones. We rely on the economic data from the recently completed GEF/World
Bank project and the FAO classification of the AEZs of Africa. We focus on two important farm adaptation decisions in cropland: irrigation and crop switching. Simple logit and multinomial logit models are used to examine the sensitivities of these decisions to climate.
We find that farmers make irrigation decisions to match the current AEZ in which the farm is located. Comparing choices across climates, at the African continental level, farmers tend to irrigate more frequently in warmer climates. In wetter climates, they tend to irrigate less often and resort to natural rainfall more often. However, these regional results do not apply to all AEZs. Farms in the deserts reduce irrigation when temperature increases. Similarly, when precipitation increases, farms close to the deserts and dry areas increase irrigation.
Crop choices also depend on the current AEZs. At the African continental level, in warmer places, farmers tend to choose wheat, maize, millet-ground nuts, or millet-sorghum less often and they instead choose fruits/vegetables, fruits/vegetables-maize, millet, or ground nuts-maize more often. In wetter places, farmers choose fruits/vegetables or millet more often at the expense of wheat or maize. However, the responses differ substantially across the AEZs. Although fruits/vegetables are expected to increase in wetter places, they decline in dry zones such as deserts, lowland dry savannah, and lowland semi-arid zone. Similarly, millet will decrease even though temperature increases if the farm is located in lowland moist savannah or lowland subhumid AEZs. Maize will decrease with higher temperature, but not in deserts and high elevation dry savannah. However, farmers across Africa are less likely to choose wheat in warmer places. .
Based on the estimated parameters from the sample, we simulated how these farm choices might change as climate changes. The results indicate that by 2100, African farmers will adopt more irrigation under the very hot and dry CCC scenario but less irrigation under the mild and moist PCM scenario. However, farms in the deserts, lowland humid forest, or mid elevation humid forest reduce irrigation even under CCC. Similarly, farms in the deserts irrigate more even under PCM.
The distribution of crops across Africa in the future will be different depending upon which climate scenario occurs. Fruits and vegetables will increase Africa wide under CCC, but decline substantially in the lowland semi-arid AEZ. Under PCM, millet will increase overall, but it will decline substantially in the lowland dry savannah and lowland semi-arid AEZs. However, not all the crops exhibit differential responses across the AEZs. For example, maize is chosen less often across all AEZs under all the climate scenarios. Wheat will also decline across Africa as climate warms.
Policy makers should take note of the spatial variation of desired adaptations across the AEZs.
First, AEZ-specific policies could be designed for each AEZ. These polices could be the same across many African countries. Second, adaptations can be designed to match climate change over time as well. Policy makers can prepare the needed infrastructure, institutions, and budgets both across space and across time.
Although there is a need for an African-wide policy, it probably should not be a blanket policy that treats every location alike. Rather, the ideal policy would be a quilt like arrangement designed around AEZs. Because AEZs do not recognize political boundaries, they become transboundary in nature. As such, experience gained by one country in a 'shared' AEZ can be used by a neighboring country as well. This fact calls for cooperation among countries that share similar AEZs. Institutions can be developed that transfer technologies, experience, and data. All these may work to the benefit of farmers residing and working in Africa who share a common AEZ. 
